ABSTRACT: Thirty nonlactating Holstein cows were superovulated to determine the effect of artificial insemination time on fertilization status and embryo quality. During the luteal phase of the estrous cycle, cows were administered 38 mg FSH-P in a 4-d descending dose regimen. Luteolysis was induced with two injections of prostaglandin on the last day of FSH-P treatment. All cows were continuously monitored for behavioral estrus using the HeatWatch estrus detection system. All cows were inseminated once with one .5-mL straw (50 × 10 6 sperm) at either 0 (n = 10), 12 (n = 10), or 24 h (n = 10) after the first standing event. The elapsed time (mean ± SD) from the first prostaglandin dose to the first standing event was 39.4 h ± 7.7 h. The (mean ± SD) duration of behavioral estrus was 13.2 h
Introduction
Previous insemination studies with superovulated cattle have associated the time of observed estrus synonymously with the onset of estrus. Donaldson (1985) recommended insemination with one dose of semen 12 h after onset (observed estrus). In contrast, Schiewe et al. (1987) recommended insemination with two doses of semen 24 h after onset (observed estrus).
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± 4.1 h. The (mean ± SD) number of standing events was 27 ± 17. Five hundred twenty-nine embryos and ova were recovered nonsurgically 6 d after insemination. Fertilization rates were 29 (0 h), 60 (12 h), and 81% (24 h) (P < .01). Percentages of excellent and good, fair and poor, and degenerate embryos were not different (P > .05). Percentages of embryos with accessory sperm were 5 (0 h), 8 (12 h), and 41 (24 h) and differed between the 0 and 24 h and the 12 and 24 h inseminations (P < .01). Artificial insemination of superovulated, nonlactating Holstein cattle 24 h after onset of estrus increased fertilization rate and percentage of embryos with accessory sperm compared with insemination at 0 or 12 h after onset of estrus. Embryo quality was not affected by time of insemination.
sperm cell are believed to reflect the number of spermatozoa competing for fertilization in cattle . The accessory sperm number per embryo has been positively associated with fertility (Wilmut and Hunter, 1984) and embryo quality (DeJarnette et al., 1992; Nadir et al., 1993) in single-ovulating cattle but not in superovulated cattle (Hawk et al., 1988; Saacke et al., 1998) . There are no studies that provide a basis for insemination time of superovulated cattle relative to the true onset of estrus, as defined by the first standing event of estrus. Taken together with the realization that estrus detection is the primary problem limiting reproduction of dairy cattle, the present study utilized the HeatWatch estrus detection system (DDx Inc., Denver, CO). The objective of this study was to determine the optimal time for artificial insemination of superovulated cows as measured by fertilization status and embryo quality.
Materials and Methods

Animals, Ultrasound Examination, and Superovulatory Treatment
undertaken using guidelines set forth by the animal use committee for Virginia Polytechnic Institute and State University.
Thirty-five Holstein cows, ranging in age from 2 to 9 yr, were selected at random from a research herd of normally cycling, nonlactating cows. These cows were free of gynecological abnormalities, and before this experiment they exhibited estrous cycles between 18 and 24 d in duration. Eight to eleven days following estrus and immediately prior to the initial superovulatory injection, ovaries were examined once with a real-time B-mode ultrasound scanner equipped with a 5-MHz transrectal probe (Aloka 500V; Corometrics Medical Systems, Wallingford, CT) to determine the presence or absence of a dominant follicle (Bungartz and Niemann, 1994) . Cows with 10 or more follicles 3 to 8 mm in diameter (on both ovaries) were designated as being without a dominant follicle. In contrast, cows with fewer than 10 follicles 3 to 8 mm in diameter were designated as having a dominant follicle.
The cows were superovulated with a total of 38 mg of FSH-P (lot no. 548F93; Schering-Plough Animal Health Corp., Kenilworth, NJ). The cows received twice-daily i.m. injections of 6 mg on d 1, 6 mg on d 2, 4 mg on d 3, and 3 mg on d 4. Luteolysis was induced with an injection of 40 mg i.m. of PGF 2α (Lutalyse, Pharmacia and Upjohn Co., Kalamazoo, MI) at 72 h and 25 mg i.m. at 84 h after the initial FSH-P injection. All injections were performed in the gluteal muscle.
Semen
A single ejaculate was collected by artificial vagina from one fertile Holstein bull. The ejaculate met the minimum criteria of greater than 70% morphologically normal sperm and 60% estimated progressive motility. The ejaculate was extended to 100 × 10 6 sperm/mL with clarified egg yolk-citrate-glycerol. The extended semen was packaged and cryopreserved in .5-mL French straws (Instruments de Médecine Vétérinaire, l'Aigle, France) according to the established optimum procedures for this extender system (Robbins et al., 1976) .
System for Detecting Estrus, and Artificial Insemination
All cows were monitored continuously for behavioral estrus using HeatWatch (Walker et al., 1996) . Beginning 32 h after the first PGF 2α injection, the HeatWatch software was reviewed every 3 h to monitor the onset of estrus as defined by the time of the first standing event. Five cows failed to exhibit standing activity and were not included in the study.
Frozen straws were thawed by plunging them into 35°C water for 45 s. All cows were artificially inseminated by the same technician with one dose of semen (50 × 10 6 sperm) at either 0 (n = 10), 12 (n = 10), or 24 h (n = 10) after onset of estrus. The body of the uterus was the site of semen deposition. Three cows were superovulated per week and assigned randomly to one of the treatments.
Embryo Recovery and Evaluation
All embryos and ova were recovered by the same experienced technician using standard nonsurgical uterine flushing techniques 6 d after insemination (Wright, 1981) . The initial search and evaluation of embryos and ova was carried out by a single observer with a stereomicroscope at magnifications of ×10 to ×70. The anticipated stage of embryonic development was a compact morula (Lindner and Wright, 1983) . Recovered viable embryos were evaluated at ×70 magnification, and based on compactness and homogeneity of the cell mass (Lindner and Wright, 1983 ) they were classified as either excellent, good, fair, or poor. Embryos with blastomeres that contained nuclei but were too underdeveloped to be considered viable according to Lindner and Wright (1983) were classified as degenerate. An unfertilized ovum was designated when there was no indication of cleavage or when all cytoplasmic fragments were without nuclei.
Accessory Sperm Evaluation
Accessory sperm per embryo were visualized using the procedure of DeJarnette et al. (1992) . Following partial digestion of the zona pellucida with .5% protease (Pronase, Behring Diagnostics, La Jolla, CA) in a hanging drop preparation, the embryo was compressed with a coverslip and the smear was examined with differential interference contrast optics at a magnification of ×500. This procedure renders the heads of accessory sperm flat to the viewer for a direct count. This technique also allowed for the simultaneous quantification of accessory sperm tracks in the zona pellucida as previously described .
Statistical Analyses
The experiment was arranged as a completely randomized design. The effect of treatment on total number of embryos and ova and the total number of embryos were analyzed using the GLM procedure of SAS (1985) . The model included treatment and cow within treatment, which was used as the error term.
Chi-square analyses were used to test the effect of treatment on fertilization rate, number of embryos with accessory sperm, number of embryos with accessory sperm tracks, and embryo quality. Due to the subjective nature of judging embryo quality, embryos were grouped into three categories for chi-square analysis: degenerate embryos, poor to fair embryos, and good to excellent embryos (Nadir et al., 1993) .
In data from single-ovulating cattle, the Wilcoxon Two-Sample Test (SAS, 1985) has been used previously (Nadir et al., 1993) to detect differences between median accessory sperm values. In our data from superovulated cattle, the predominance of zero accessory sperm values resulted in an excessive number of ties in the Wilcoxon Two-Sample Test (SAS, 1985) , rendering the analysis invalid. Consequently, a Student's ttest was performed to detect differences between mean accessory sperm values per embryo and was considered appropriate with a skewed distribution provided that sample sizes were > 40 (Ott, 1988; Moore and McCabe, 1989) . Finally, the correlation coefficient between the pooled number of small follicles (≤ 8 mm) in both ovaries and the number of embryos and ova recovered was calculated according to Pearson (SAS, 1985) .
Results
The interval from the first prostaglandin injection to the onset of estrus was 39.4 h ± 7.7 h (mean ± SD), with a range of 23.4 h to 58.3 h. The duration of estrus was 13.2 h ± 4.1 h (mean ± SD), with a range of 5.4 h to 20.9 h.
Of the 35 cows used, 30 cows exhibited estrus and yielded three or more embryos or ova. The total number of embryos and ova and total number of embryos recovered are shown in Table 1 . Time of insemination had no effect on the total number of embryos and ova or total number of embryos recovered (P > .10, Table 1) . Fertilization rates were different among the insemination times (P < .01, Table 1 ). The greatest fertilization rate (81%; P < .01) was achieved with the insemination at 24 h. Embryo quality, however, was not different among treatments (P > .05). Percentages of excellent and good, fair and poor, and degenerate embryos were 44, 35, and 21 (0 h); 39, 43, and 18 (12 h); and 42, 33, and 25 (24 h), respectively.
The percentage of embryos with accessory sperm increased (P < .01, Table 1 ) as fertilization rate increased. Furthermore, the percentage of embryos exhibiting sperm tracks in zonae pellucidae (indicative of accessory sperm loss between fertilization and evaluation) also increased as fertilization rate increased (P < .01, Table 1 ).
A single ultrasound evaluation at the time of superovulatory induction allowed the number of small follicles (3 to 8 mm in diameter) in both ovaries to be counted. Twenty cows were categorized as having a dominant follicle, as indicated by < 10 follicles 3 to 8 mm in diameter, whereas 10 cows were without a dominant follicle (≥ 10 follicles 3 to 8 mm in diameter). The presence of a dominant follicle tended to have a negative effect (P = .08) on the number of embryos and ova (mean ± SEM) recovered (15.2 ± 2.1 for cows with a dominant follicle compared to 22.5 ± 3.9 for cows without a dominant follicle). The pooled number of follicles (≤ 8 mm) in both ovaries at the time of superovulatory induction was correlated with the number of embryos and ova recovered (r = 0.51, P = .004).
Discussion
This is the first study to describe estrus characteristics of superovulated cattle and investigate the time of insemination of superovulated cattle based on the onset of estrus, as defined by the first standing event of estrus. The time from administration of PGF 2α to the first standing event seemed to be shorter in our experiment using superovulated cows (39.4 h) compared to the previously reported time of 73.1 h for lactating, singleovulating cows (Walker et al., 1996) . In addition, behavioral estrus seemed to be longer (13.2 h vs 9.5 h) and the mean number of standing events seemed to be greater (27 vs 10) than in data of Walker et al. (1996) . These differences are likely due, at least in part, to the increased numbers of large follicles resulting from superstimulation with gonadotropins. The differences in mean duration of behavioral estrus and number of standing events could also be due to lactational status, numbers of herdmates simultaneously in estrus, and(or) footing surface.
The biological reason the fertilization rate to AI at 0 and 12 h was lower than at 24 h may be related to sperm selection pressure and resulting depletion of potential fertilizing sperm, prior to the completion of ovulations. The estimated time required for sustained sperm transport is between 6 and 12 h (Hunter and Wilmut, 1983; Wilmut and Hunter, 1984; Hawk, 1987) . In the cases of 0 and 12 h AI, it is possible that many sperm were removed from the tract, not only through initial retrograde loss (Mitchell et al., 1985) but also through the loss of functional sperm reservoirs over the time span required for ovulations to occur. The estimated start of ovulations in superovulated cattle is 24 h after visual observation of estrus (Yadav et al., 1986) . Taking into account that these authors observed for estrus every 6 h, the actual start of ovulations in superovulated cattle is most likely between 24 and 30 h after the true onset of estrus. By quantifying populations of ovulated and nonovulated follicles immediately after slaughter, Yadav et al. (1986) accounted for nearly 90% of the ovulations that occurred over a 22-h period. In the current study, the 24-h insemination apparently allowed enough time for sustained sperm transport, and perhaps less time for loss of sperm from the functional sperm reservoirs, as evidenced by the increase in fertilization rate and the percentage of embryos with accessory sperm. In single-ovulating cattle artificially inseminated at 0, 12, or 24 h after the onset of estrus (Dalton et al., 1998) , the trend in fertilization rates was similar to those reported in the current study.
In the present study, 41% of embryos recovered from the 24-h treatment contained accessory sperm. In contrast, Hawk et al. (1988) and Saacke et al. (1998) reported that 12 and 10% of embryos recovered from superovulated cows contained accessory sperm, respectively. The current results demonstrate an increase in the percentage of embryos with accessory sperm parallel to the increase in fertilization rate. This agrees with previous work by Hawk et al. (1988) in which the fertilization rate and the percentage of embryos with accessory sperm were increased when cows were inseminated with high numbers of sperm from pooled, fresh ejaculates. In the 0 and 12 h AI treatments, many sperm were most likely removed from the tract through initial retrograde loss (Mitchell et al., 1985) and also loss of functional sperm reservoirs over the time span required for ovulations to occur. Therefore, in the 0 and 12 h AI treatments, fewer sperm may have been at the site of fertilization, resulting in a lower percentage of embryos with accessory sperm and lower numbers of accessory sperm per embryo.
Providing further evidence the 24 h AI may have overcome depletion of numbers of potential fertilizing sperm, sperm tracks in zonae pellucidae were most evident in embryos recovered from the 24 h AI group. Sperm tracks in the zonae pellucidae of embryos recovered from superovulated cattle were reported previously (Hawk et al., 1988; Saacke et al., 1998) and are thought to represent accessory sperm loss. Apparently, sperm become attached to the zona pellucida at the site of each track but become dislodged prior to embryo recovery (Hawk et al., 1988) .
It is still unclear at which time artificial insemination with conventional frozen-thawed semen provides optimal embryo quality. Although embryo quality was not affected by time of insemination using this single ejaculate, a trend occurred for increased numbers of degenerate embryos in the 24 h treatment. This may be related to ova that were ovulated early and underwent aging before the completion of sustained sperm transport and fertilization. Delayed fertilization has been shown to lead to an increase in the degeneration of embryos recovered from superovulated cattle (Schiewe et al., 1987) . In single-ovulating cows artificially inseminated at 0, 12, or 24 h after the onset of estrus, a significant increase in numbers of degenerate embryos was noted in the 24 h treatment (Dalton et al., 1998) .
The present study was designed to focus on the time of insemination, while controlling the variability associated with semen. The bull chosen to provide semen for this study has achieved consistently high accessory sperm values in embryos recovered from single-ovulating cows. Further research investigating the potential impact of cryopreserved semen from different bulls on embryo quality is necessary, given that semen quality varies among bulls.
Previous recommendations on the optimal insemination time of superovulated cattle were made based on visual observation of estrus twice or three times daily (Donaldson, 1985; Schiewe et al., 1987) . Comparisons with the present study must be made carefully because the timing of the onset of estrus in the previously mentioned studies had up to a 12-h error. Nevertheless, it seems that our best results fall between those of Donaldson (1985) , in which AI with one dose of semen most likely occurred prior to 20 h after onset of estrus, and those of Schiewe et al. (1987) , in which AI with two doses of semen most likely occurred between 24 and 36 h after the onset of estrus. In the current study, artificial insemination of superovulated, nonlactating Holstein cattle with one unit of semen 24 h after onset of estrus (as defined by the first standing event of estrus) yielded an acceptable fertilization rate, embryo quality, and percentage of embryos with accessory sperm.
Implications
Use of the HeatWatch estrus detection system provided 24-h monitoring of estrus behavior in superovulated cattle. Using the semen of one bull, this study demonstrated that the fertilization rate was maximized when insemination was performed 24 h after the onset of behavioral estrus. Further research is necessary to determine the effect of semen from other bulls. Nevertheless, HeatWatch is useful in determining the onset of behavioral estrus in superovulating cattle, from which an appropriate time for insemination to maximize the fertilization rate of embryos may be chosen. Bungartz, L., and H. Niemann. 1994 . Assessment of the presence of a dominant follicle and selection of dairy cows suitable for superovulation by a single ultrasound examination. J. Reprod. Fertil. 101:583-591.
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